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We study the impact of fermionic dark matter (DM) on projected Higgs precision mea-
surements at the Circular Electron Positron Collider (CEPC), including the one-loop effects
on the e+e− → Zh cross section and the Higgs boson diphoton decay, as well as the tree-
level effects on the Higgs boson invisible decay. As illuminating examples, we discuss two
UV-complete DM models, whose dark sector contains electroweak multiplets that interact
with the Higgs boson via Yukawa couplings. The CEPC sensitivity to these models and
current constraints from DM detection and collider experiments are investigated. We find
that there exist some parameter regions where the Higgs measurements at the CEPC will
be complementary to current DM searches.
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3I. INTRODUCTION
The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] confirms the
particle content of the standard model (SM). However, the existence of dark matter (DM) [3–5]
undoubtedly implies the new physics beyond the SM (BSM). While searches for new particles at
the LHC will continue in the coming years, an alternative way to probe new physics is by studying
its loop effects via high precision observables at e+e− colliders.
Several electron-positron colliders have been currently proposed, including the Circular Electron
Positron Collider (CEPC) [6], the Future Circular Collider with e+e− collisions (FCC-ee) [7],
and the International Linear Collider (ILC) [8]. These machines are planned to serve as “Higgs
factories” for precisely measuring the properties of the Higgs boson. In particular, CEPC will run
at a center-of-mass energy of 240 − 250 GeV, which maximizes the e+e− → Zh production, over
ten years to collect a data set of 5 ab−1.
Exploiting the physics potential of the CEPC has attracted many interests. Recent works for
probing anomalous couplings include studies on the anomalous hhh and htt couplings through the
e+e− → Zh measurement [9–12], the anomalous hZγ and hγγ couplings through the e+e− → hγ
measurement [13, 14], and the anomalous Zbb coupling [15], and high order effective opera-
tors [16, 17]. Other CEPC researches about new physics models involve studies on natural su-
persymmetry [18–20], DM models [21–25] and electroweak oblique parameters [16, 26, 27], and so
on [28, 29].
In this work, we mainly study the impact of fermionic DM on the Higgs physics at the CEPC.
Particularly, we focus on the loop effects on the e+e− → Zh production cross section, whose
relative precision will be pinned down to 0.5% [6]. For this purpose, the DM particle should couple
to both the Higgs and Z bosons and modify the hZZ coupling at one-loop level. This requirement
can be fulfilled by introducing a dark sector consisting of electroweak multiplets, which is a simple,
UV-complete extension to the SM. Such a dark sector would provide an attractive DM candidate
that naturally satisfies the observed relic abundance. Related model buildings typically involve
one SU(2)L multiplet, which leads to the so-called minimal DM models [30–36], or more than one
SU(2)L multiplet [16, 26, 27, 37–54]. As we would like to discuss fermionic DM, more than one
multiplet is needed for allowing renormalizable couplings to the Higgs boson with respect to the
gauge invariance.
We calculate one-loop corrections to e+e− → Zh contributed by the dark sector. For the
purpose of illustration, we study two simple models with additional fermionic SU(2)L multiplets:
• Singlet-doublet fermionic dark matter (SDFDM) model: the dark sector involves one singlet
Weyl spinor and two doublet Weyl spinors;
• Doublet-triplet fermionic dark matter (DTFDM) model: the dark sector involves two doublet
Weyl spinor and one triplet Weyl spinors.
These spinors are assumed to be vectorlike, in order to cancel gauge anomalies. This means that
the two doublets should have opposite hypercharges, while the singlet or the triplet should have
zero hypercharge.
4Models Gauge eigenstates Mass eigenstates
Singlet-Doublet S,
(
D01
D−1
)
,
(
D+2
D02
)
χ01, χ
0
2, χ
0
3
χ±
Doublet-Triplet
(
D01
D−1
)
,
(
D+2
D02
)
,

T+
T 0
−T−
 χ01, χ02, χ03χ±1 , χ±2
TABLE I. Field contents of the two DM models under consideration.
After electroweak symmetry-breaking (EWSB), the vacuum expectation value (VEV) of the
Higgs doublet provides Dirac mass terms to the dark multiplets, leading to state mixings. Field
contents in the gauge and mass bases for the two models are denoted in Table I. The lightest
neutral eigenstate (χ01) in the dark sector serves as a Majorana DM candidate. For ensuring the
stability of χ01, we need to impose a Z2 symmetry, under which all SM particles are even and dark
sector particles are odd. These models can be regarded as the generalizations of some electroweak
sectors in supersymmetric models. For instance, the SDFDM model is similar to the bino-Higgsino
sector, while the DTFDM model is similar to the Higgsino-wino sector.
Serving as a DM candidate, χ01 should be consistent with the observed DM relic abundance [55].
The χ01 couplings to the Z and Higgs bosons could induce spin-dependent and spin-independent
scatterings between nuclei and DM, respectively. They would be constrained by direct detection
experiments [56, 57]. Besides, there are bounds from colliders experiments, such as bounds from
the invisible decay of the Z boson [58], from searches for charged particles at the LEP, and from
the monojet searches at the LHC [59]. Moreover, dark sector particles may affect the invisible
and diphoton decays of the Higgs boson, which will be precisely determined by CEPC [6]. In this
work, we investigate both the CEPC prospect and current experimental constraints for the two
DM models.
The paper is outlined as follows. In Sec. II we give a brief description of the SDFDM model,
identify the parameter regions that could be explored by Higgs measurements at the CEPC, and
study current constraints from DM detection and collider experiments. In Sec. III, we repeat the
calculations, but for the DTFDM model. Sec. IV contains our conclusions and discussions.
II. SINGLET-DOUBLET FERMIONIC DARK MATTER
A. Model details
In the SDFDM model [26, 37–40, 42, 44, 48–50], we introduce a dark sector with one Weyl
singlet and two SU(2)L Weyl doublets obeying the (SU(2)L,U(1)Y) gauge transformations:
S ∈ (1, 0), D1 ≡
(
D01
D−1
)
∈
(
2,−1
2
)
, D2 ≡
(
D+2
D02
)
∈
(
2,
1
2
)
. (1)
5Here, the assignment of opposite hypercharges to the two doublets is essential to cancel the gauge
anomalies. We can write down the following gauge invariant Lagrangians:
LS = iS†σ¯µ∂µS − 1
2
(mSSS + h.c.), (2)
LD = iD†1σ¯µDµD1 + iD†2σ¯µDµD2 − (mDijDi1Dj2 + h.c.), (3)
where Dµ = ∂µ − igW aµτ (2)a − ig′Y Bµ, with the generators τ (2)a = σa/2 expressed by the Pauli
matrices σa. More specifically, gauge interactions of the doublets are given by
L ⊃ g
2cW
Zµ
[
(D01)
†σ¯µD01 − (D02)†σ¯µD02 −
(
1− 2s2W
)
(D−1 )
†σ¯µD−1 +
(
1− 2s2W
)
(D+2 )
†σ¯µD+2
]
+
g√
2
W+µ
[
(D01)
†σ¯µD−1 + (D
+
2 )
†σ¯µD02
]
+
g√
2
W−µ
[
(D−1 )
†σ¯µD01 + (D
0
2)
†σ¯µD+2
]
−eAµ
[
(D−1 )
†σ¯µD−1 − (D+2 )†σ¯µD+2
]
, (4)
where cW ≡ cos θW and sW ≡ sin θW are related to the Weinberg angle θW. The dark sector fields
interact with the SM Higgs doublet H through the Yukawa couplings
LY = y1SDi1Hi − y2SDi2H†i + h.c. (5)
After the EWSB, dark sector fermions obtain Dirac mass terms through the Higgs mechanism.
In the unitary gauge, H =
(
0, (v + h)/
√
2
)T
with the VEV v. The mass terms in the model can
be expressed as
LM = −1
2
(
S D01 D
0
2
)
MN
 SD01
D02
−mDD−1 D+2 +h.c. = −12
3∑
i=1
mχ0i
χ0iχ
0
i −mχ±χ−χ+ +h.c., (6)
where χ− ≡ D−1 , χ+ ≡ D+2 , and mχ± ≡ mD. The mass matrix of the neutral states MN and the
corresponding mixing matrix N to diagonalize it are given by
MN =

mS
1√
2
y1v
1√
2
y2v
1√
2
y1v 0 −mD
1√
2
y2v −mD 0

, NTMNN = diag(mχ01 ,mχ02 ,mχ03),
 SD01
D02
 = N
 χ
0
1
χ02
χ03
 .
(7)
Thus, the dark sector contains one charged Dirac fermion χ± and three Majorana fermions χ01,2,3,
with the lightest neutral fermion χ01 serving as the DM particle.
This model is totally determined by four parameters, y1, y2, mS , and mD. In principle, all
of them could be complex and induce CP violation. However, three phases can be eliminated by
redefinition of the fields, leaving only one independent CP violation phase. The effects of this
CP violation phase on electric dipole moments and on DM direct detection have been studied by
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FIG. 1. Mass spectra of the SDFDM model in two typical cases, mS < mD (a) and mS > mD (b).
several groups [37, 38, 50]. We do not discuss these effects further, and take all parameters to be
real below.
In Fig. 1 we show the masses of the dark sector fermions as functions of y2 with y1 = 1 for two
typical cases, mS < mD and mS > mD. If mS < mD, χ
0
1 is singlet-dominated, with a mass close
to mS when y1 and y2 are small; χ
0
2 and χ
0
3 are doublet-dominated, with masses close to mD for
small Yukawa couplings. On the other hand, if mS > mD, χ
0
1 and χ
0
2 are doublet-dominated, while
χ03 is singlet-dominated. When y2 = ±y1, we have mχ± = mχ02 or mχ± = mχ01 due to a custodial
symmetry.
It is instructive to reform the interaction terms with four-component spinors. Defining Dirac
spinor Ψ+ and Majorana spinors Ψi (i = 1, 2, 3) as
Ψ+ =
(
χ+
(χ−)†
)
, Ψi =
(
χ0i
(χ0i )
†
)
, (8)
we have
Lint = eAµΨ¯+γµΨ+ + g
2cW
(c2W − s2W)ZµΨ¯+γµΨ+
+
g√
2
∑
i
W−µ (N ∗3iΨ¯iγµPLΨ+ −N2iΨ¯iγµPRΨ+)
+
g√
2
∑
i
W+µ (N3iΨ¯+γµPLΨi −N ∗2iΨ¯+γµPRΨi)
−1
2
∑
ij
CAZ,ijZµΨ¯iγ
µγ5Ψj +
1
2
∑
ij
CVZ,ijZµΨ¯iγ
µΨj
−1
2
∑
ij
CSh,ijhΨ¯iΨj +
1
2
∑
ij
CPh,ijhΨ¯iiγ
5Ψj , (9)
7where PL ≡ (1− γ5)/2 and PR ≡ (1 + γ5)/2. The couplings to Z and h are given by
CAZ,ij =
g
2cW
Re(N ∗2iN2j −N ∗3iN3j), CVZ,ij =
ig
2cW
Im(N ∗2iN2j −N ∗3iN3j), (10)
CSh,ij =
√
2 Re(y1N1iN2j + y2N1iN3j), CPh,ij =
√
2 Im(y1N1iN2j + y2N1iN3j). (11)
It is obvious to find that CVZ,ii = 0, due to the Majorana nature of Ψi. Since y1 and y2 are real
parameters, the CP -violating couplings CPh,ii also vanish. For DM phenomenology, the C
A
Z,11 and
CSh,11 couplings are particularly important, inducing spin-dependent (SD) and spin-independent
(SI) DM-nucleon scattering, respectively. Therefore, they could be probed in direct detection
experiments.
When y1 = ±y2, there is a custodial global symmetry resulting CAZ,11 = 0 and a vanishing SD
scattering cross section. Besides, if mD < mS , the condition y1 = y2 also leads to C
S
h,11 = 0 and
a vanishing SI cross section [26]. It would be useful to explore other conditions that give rise to
CSh,11 = 0, which implies blind spots in direct detection experiments [40, 42, 50, 60]. According to
the low-energy Higgs theorems [61, 62], the couplings of the neutral fermions to the Higgs boson
can be derived by the replacement v → v + h in the DM candidate mass mχ01(v):
LhΨ1Ψ1 =
1
2
mχ01(v + h)Ψ¯1Ψ1 =
1
2
mχ01(v)Ψ¯1Ψ1 +
1
2
∂mχ01(v)
∂v
hΨ¯1Ψ1 +O(h2), (12)
which means CSh,11 = ∂mχ01(v)/∂v [40, 63].
mχ01 satisfies the characteristic equation det(MN −mχ011) = 0, which is just
m3χ01
−mSm2χ01 −
1
2
(2m2D + y
2
1v
2 + y22v
2)mχ01 +mD(mDmS + y1y2v
2) = 0. (13)
Differentiating its left-hand side with respect to v and imposing ∂mχ01(v)/∂v = 0, one obtain the
condition that leads to Ch,11 = 0 is
mχ01 =
2y1y2mD
y21 + y
2
2
. (14)
Plugging this condition into Eq. (13), one obtains
y1 = ±y2 or y1 =
mD ±
√
m2D −m2S
mS
y2. (15)
Thus, the latter equation could also induce CSh,11 = 0 when mD > mS .
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FIG. 2. Tree-level Feynman diagram for e+e− → Zh in the SM.
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FIG. 3. Feynman diagrams for vertex (a) and propagator (b, c) corrections to e+e− → Zh due to the dark
sector in the SDFDM model at one-loop level.
B. Higgs Precision Measurements at the CEPC
1. Corrections to the Zh associated production
The Zh associated production e+e− → Zh is the primary Higgs production process in a Higgs
factory with
√
s = 240− 250 GeV. For the measurement of its cross section, a relative precision of
0.51% is expected to be achieved at the CEPC with an integrated luminosity of 5 ab−1 [6]. Below
we discuss the impact of the SDFDM model on this cross section at one-loop level.
Neglecting the extremely small hee coupling, the only tree-level Feynman diagram for e+e− →
Zh in the SM is shown in Fig. 2. It involves the hZZ coupling, whose precise strength is a chief
goal of a Higgs factory. BSM particles that couple to both the Z and Higgs bosons, such as the
Majorana fermions χ0i , are presumed to modify this coupling via triangle loops, as demonstrated
in Fig. 3(a). Besides, Figs. 3(b) and 3(c) show that dark sector fermions in the SDFDM model
can also affect the propagator in the e+e− → Zh diagram at one-loop level. Moreover, as shown
in Fig. 4, the dark sector contributes to the self-energies of the Higgs boson and the electroweak
gauge bosons, and hence influences the determination of the related renormalization constants. In
practice, these contributions must be included to cancel the ultraviolet divergences from Fig. 3.
Formally, the e+e− → Zh cross section can be split into two parts:
σ = σ0 + σBSM, (16)
9χ0i
χ0j
h h
(a)
χ±
χ±
γ/Z γ/Z
(b)
χ0i
χ0j
Z Z
(c)
χ±
χ0i
W± W±
(d)
FIG. 4. One-loop Feynman diagrams for self-energy corrections of the Higgs boson (a) and the electroweak
gauge bosons (b, c, d) due to the dark sector in the SDFDM model.
where σ0 is the SM prediction, while σBSM is the contribution due to BSM physics, which, in our
case, is the dark sector multiplets. The next-to-leading corrections to e+e− → Zh in the SM have
been calculated two decades ago [64–67], while the mixed electroweak-QCD (O(ααs)) corrections
have been studied in 2016 [68, 69]. Here we calculate σ0 with one-loop corrections except for the
virtual photon correction. Thus, we would not need to involve the real photon radiation process
e+e− → Zhγ for dealing with soft and collinear divergences. This treatment should be sufficient
for our purpose, as we are only interested in the relative deviation of the e+e− → Zh cross section
due to the dark sector.
We utilize the packages FeynArts 3.9 [70], FormCalc 9.4 [71], and LoopTools 2.13 [72]
to calculate one-loop corrections from the SM and from the SDFDM model at
√
s = 240 GeV.
The on-shell renormalization scheme is adopted to fix the renormalization constants. Fig. 5 shows
the relative deviation of the e+e− → Zh cross section (σ − σ0)/σ0 as a function of mD. Other
parameters are chosen to be y1 = y2 = 1 and mS = 1 TeV, leading to mχ± = mχ01 . The deviation
could be either positive or negative, depending on the parameters. As mD increases to the TeV
scale, the deviation becomes very small, because the dark sector basically decouples.
When the dark sector fermions in the loops are able to close to their mass shells, their contri-
butions could vary dramatically. In the lower frame of Fig. 5 shows the sums of fermion masses
in order to demonstrate the mass threshold effects with mZ = mχ01 + mχ02 , mW = mχ01 + mχ± ,
mZ = 2mχ± , and
√
s = mχ01 + mχ02 . For instance, mZ > mχ01 + mχ02 would allow a new decay
process, Z → χ01χ02; this means that the Z boson self-energy develops a new imaginary part, which
is absent for mZ < mχ01 +mχ02 . As a result, (σ−σ0)/σ0 reaches a dip at mZ = mχ01 +mχ02 . Similarly,
we have threshold effects with mW = mχ01 + mχ± and mZ = 2mχ± . In addition, the threshold
effect with
√
s = mχ01 +mχ02 is caused by the triangle loop in Fig. 3(a), because
√
s > mχ01 +mχ02
also leads to a imaginary part in the amplitude of the triangle loop.
In Fig. 6, we show heat maps for the absolute relative deviation ∆σ/σ0 ≡ |σ − σ0|/σ0 in the
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FIG. 5. Relative deviation of the e+e− → Zh cross section at √s = 240 GeV in the SDFDM model. The
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√
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SDFDM model with two parameters fixed. The regions with colors have sufficient deviations that
could be explored by the CEPC measurement of the e+e− → Zh cross section, while the gray
regions are beyond its capability. The complicated behaviors of these heat maps can be attributed
to mass threshold effects, as shown in Fig. 5.
For y1 = 0.5 and y2 = 1.5 [Fig. 6(a)], the CEPC measurement could probe up tomχ01 ∼ 200 GeV.
For y1 = y2 = 1 [Fig. 6(a)], where the custodial symmetry is respected, regions with mχ01 & mh
could hardly have apparent deviations. Furthermore, Figs. 6(c) and 6(d) show that larger Yukawa
couplings y1 and y2 basically induce larger ∆σ/σ0 for fixed mS and mD.
2. Higgs boson invisible decay
If the dark sector fermions are sufficient light, the Higgs boson and the Z boson would be able
to decay into them. When such decay processes are kinematically allowed, their widths are given
by (i 6= j in the expressions below)
Γ(h→ χ0iχ0j ) =
F (m2h,m
2
χ0i
,m2
χ0j
)
32pim3h
{|CSh,ij + CSh,ji|2[m2h − (mχ0i +mχ0j )2]
+|CPh,ij + CPh,ji|2[m2h − (mχ0i −mχ0j )
2]
}
, (17)
Γ(h→ χ0iχ0i ) =
|CSh,ii|2
16pim2h
(m2h − 4m2χ0i )
3/2, (18)
11
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FIG. 6. Heat maps for the absolute relative deviation of the e+e− → Zh cross section ∆σ/σ0 ≡ |σ− σ0|/σ0
in the SDFDM model. Results are shown in the mS−mD (a,b) and y1−y2 (c,d) planes with two parameters
fixed as indicated. Colored and gray regions correspond to ∆σ/σ0 > 0.5% and < 0.5%, respectively. Dashes
lines denote contours of the DM candidate mass mχ01 .
Γ(Z → χ0iχ0j ) =
F (m2Z ,m
2
χ0i
,m2
χ0j
)
24pim5Z
{
6(|CVZ,ij |2 − |CAZ,ij |2)m2Zmχ0imχ0j
+(|CAZ,ij |2 + |CVZ,ij |2)[m2Z(2m2Z −m2χ0i −m
2
χ0j
)− (m2χ0i −m
2
χ0j
)2]
}
, (19)
Γ(Z → χ0iχ0i ) =
|CAZ,ii|2
24pim2Z
(m2Z − 4m2χ0i )
3/2, (20)
Γ(Z → χ+χ−) = g
2(c2W − s2W)2
48pim2Zc
2
W
√
m2Z − 4m2χ+(m2Z + 2m2χ+), (21)
where F (x, y, z) ≡
√
x2 + y2 + z2 − 2xy − 2xz − 2yz.
12
Since χ01 cannot be directly probed by detectors in collider experiments, the decay processes
h → χ01χ01 and Z → χ01χ01 are invisible. On the other hand, if h and Z decay into other dark
sector fermions, the Z2 symmetry will force them subsequently decay into χ
0
1 associated with SM
particles in final states. Such h and Z decays may also be invisible due to χ02,3 → χ01Z∗(→ νν¯).
Moreover, when these decay processes are allowed, the SM products would probably be very soft,
as the related mass spectrum in the dark sector should be compressed. As a result, they could be
effectively invisible. Therefore, the invisible decays of h and Z provide another promising approach
to reveal the dark sector.
With an integrated luminosity of 5 ab−1, CEPC is expected to constrain the branching ratio
of the invisible decay down to 0.28% at 95% CL [6]. As the Higgs boson width in the SM is
4.08 MeV for mh = 125.1 GeV [73], this means that the expected constraint on the Higgs invisible
decay width is Γh,inv < 11.4 keV. On the other hand, LEP experiments have put an upper bound
on the Z invisible width, which is ΓBSMZ,inv < 2 MeV at 95% CL [58].
In Fig. 7 we present the expected CEPC constraint and the LEP constraint from the invisible
decays of the Higgs boson and the Z boson, respectively. We have included all allowed decay
channels into the dark sector as invisible decays for the reasons we mentioned above. Although
this treatment overestimates the invisible decay widths, it actually closes to the most conservative
estimation that only takes into account h→ χ01χ01 and Z → χ01χ01, because in most of the parameter
regions we are interested in only one or a few of these decay channels would open. From Fig. 7, we
can see that the expected CEPC constraints from the Higgs invisible decay are basically stronger
than the LEP constraint from the Z invisible decay. Exceptions happen mostly when mD < mh/2.
In such a region, the Z → χ+χ− decay is allowed, while the CSh,11 coupling for mD < mS could be
small, or even vanishes if y1 = y2.
C. Current experimental constraints
In this subsection, we investigate current experimental constraints on the SDFDM model. Rel-
evant bounds come from the observation of DM relic abundance, DM direct detection experiment,
LHC monojet searches, and LEP searches for charged particles. Below we discuss them one by
one.
1. Relic abundance
The observed cold DM relic density reported by the Planck collaboration is ΩDMh
2 = 0.1186±
0.0020 [55]. Assuming DM particles were thermally produced in the early Universe, the relic density
is determined by their thermally averaged annihilation cross section into SM particles when they
decoupled. If the annihilation cross section is too small, DM would be overproduced, contradicting
the observation.
The freeze-out temperature is controlled by the DM particle mass, which is mχ01 in the SDFDM
model. However, other dark sector fermions may have masses similar to mχ01 . For instance,
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FIG. 7. 95% CL expected constraints (blue regions) from the CEPC measurement of the Higgs boson
invisible decay width in the mS −mD plane (a,b) and the y1 − y2 plane (c,d) for the SDFDM model. Red
regions have been excluded at 95% CL by the measurement of the Z boson invisible decay width in LEP
experiments [58]. Dot-dashed lines indicate mχ01 contours.
mS > mD could lead to a doublet-dominated χ
0
1, whose mass can be very close to mχ± and
mχ02 . As a result, coannihilation processes among the dark sector fermions could be important
and significantly influence the DM relic abundance. For this reason, we take into account the
coannihilation effect when the mass differences are within 0.1mχ01 . We adopt MadDM [74], which is
based on MadGraph 5 [75], to calculate the relic density involving all annihilation and coannihilation
channels. The model is implemented with FeynRules 2 [76].
The parameter regions where DM is overproduced are indicated by red color in Fig. 8. For a DM
candidate purely from the doublets, the observed relic abundance corresponds to a DM particle
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FIG. 8. Experimental constraints in the mS −mD plane (a,b) and the y1 − y2 plane (c,d) for the SDFDM
model. The red regions indicate DM overproduction in the early Universe. The blue and orange regions are
excluded by the PandaX direct detection experiment for SI interactions [56] and for SD interactions [57],
respectively. The green regions are ruled out by the ATLAS monojet search [59]. The pink regions are
excluded by the search for charged particles at the LEP [77].
mass of ∼ 1.2 TeV [30]. The mixing with the singlet complicates the situation. Nonetheless,
Figs. 8(a) and 8(b) still show that the observation favors mD ∼ TeV. Annihilation through a Z or
h resonance would significantly increase the cross section and hence reduce the relic density. This
effect results in the bands of underproduction among the overproduction regions in Figs. 8(a) and
8(b).
Fig. 8(a) also has a overproduction region with mD . 30 GeV, due to lacking of effective an-
nihilation mechanisms. In this region, mχ01 . 30 GeV forbids the annihilation into weak gauge
bosons, while the annihilation into SM fermions is helicity-suppressed and the coannihilation ef-
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fect with χ± is insufficient. A similar region dose not show up in Fig. 8(b), because in this case
mχ01 = mχ± = mD leads to a significant coannihilation effect. Figs. 8(c) and 8(d) demonstrate the
complicate overproduction regions depending on the Yukawa couplings for specified mass parame-
ters of the dark sector.
2. DM direct detection
The Zχ01χ
0
1 and hχ
0
1χ
0
1 couplings could induce spin-dependent (SD) and spin-independent (SI)
DM-nucleon scattering, respectively. Therefore, the model is testable in direct detection experi-
ments. MadDM [78] is used to calculate the DM-nucleon scattering cross sections. We also present
the results in Fig. 8, with blue and orange regions excluded at 90% CL by the PandaX experiment
for SI interactions [56] and for SD interactions [57], respectively.
As in this model SI and SD interactions have different origins, their effects are comparable
and complementary in direct detection experiments, as shown in Fig. 8(a), 8(c), and 8(d). When
y1 = y2, the Zχ
0
1χ
0
1 coupling vanishes, and thus there is no SD exclusion region in Fig. 8(b).
Moreover, as y1 = y2 and mS > mD lead to a vanishing hχ
0
1χ
0
1 coupling, no SI constraint is
available in the related regions of Figs. 8(b) and Fig. 8(d).
In Fig. 8(c), the model is severely constrained by DM direct detection. Exceptions occur when
the hχ01χ
0
1 coupling happens to vanish. For mS = 100 GeV and mD = 400 GeV, from Eq. 15 we
know CSh,11 vanishes when y1 = 7.87y2 or y1 = 0.13y2. This explains a region free from SI direct
detection in Fig. 8(c). However, taking into account the constraints from SD direct detection and
from the relic abundance, however, there is no blind spot left.
3. LHC and LEP searches
Searching for direct production of dark sector fermions at high energy colliders, like LHC, is
another way to reveal the SDFDM model. Due to the Z2 symmetry, dark sector fermions must be
produced in pairs and those other than χ01 eventually decay into χ
0
1. Consequently, a large missing
transverse energy (/ET) is a typical signature for such production processes. The monojet + /ET
channel could effectively probe the χ01χ
0
1 pair production associated with one or two hard jets from
the initial state radiation. Other dark sector pair production processes could also contribute to the
monojet + /ET final state if the mass spectrum is compressed. Therefore, we should consider the
following electroweak production processes for the monojet searches at the LHC:
pp→ χ0iχ0j + jets, pp→ χ±χ0i + jets, pp→ χ±χ± + jets, i, j = 1, 2, 3. (22)
We utilize MadGraph 5 [75] to simulate these production processes. PYTHIA 6 [79] is adopted
to deal with particle decay, parton shower, and hadronization processes. Delphes 3 [80] is used to
carry out a fast detector simulation with a setup for the ATLAS detector. The same cut conditions
as in the ATLAS monojet + /ET analysis with 20.3 fb
−1 of data at
√
s = 8 TeV [59] are applied to
the above production signals in the SDFDM model. By this way we reinterpret the experimental
16
result to constrain the model.
In Fig. 8, the green regions are excluded by the monojet + /ET search at 95% CL, based on
our reinterpretation. Figs. 8(a) and 8(b) show that the monojet search can exclude the parameter
space up to mD ∼ 80 GeV. The exclusion regions hardly show dependence on mS , as the singlet
components in χ01,2,3 do not contribute to the production processes mediated by electroweak gauge
bosons. In Fig. 8(c) with mS < mD, the monojet search only rules out four tiny parameter
regions, because in this case χ01 is singlet-dominated, leading to a very low production rate for
pp→ χ01χ01 + jets.
The charge fermion χ± has similar properties as the charginos in supersymmetric models. For
a rough estimation, we treat the LEP bound on the chargino mass, mχ˜±1
> 103.5 GeV [77], as
a bound on mχ± . As a result, the pink regions with mD . 100 GeV in Figs. 8(a) and 8(b) are
excluded. It seems that this constraint is stronger than the monojet search at the 8 TeV LHC.
χ±χ0i and χ
±χ± production at the LHC can induce 2`+ /ET and 3`+ /ET signals. The leptons
in the final state could be hard or soft, depending on the mass splittings mχ±,χ02,3 − mχ01 . By
reinterpreting the relevant searches for hard [81] and soft [82] leptons at the 13 TeV LHC with
data sets of ∼ 36 fb−1, we find that such searches cannot give stronger constraints than the bounds
from the monojet + /ET search and LEP.
III. DOUBLET-TRIPLET FERMIONIC DARK MATTER
In the previous section, we find that current constraints on the SDFDM model are quit severe.
As a result, most of the CEPC sensitive region has already been excluded. Actually, the singlet
does not have electroweak gauge interactions, so the modification to the e+e− → Zh cross section
would not be very significant. This observation inspires us to replace the singlet with a triplet,
leading to the DTFDM model. This model should be more capable to affect the e+e− → Zh cross
section. In this section, we discuss its impact on Higgs measurements at the CEPC and current
constraints on its parameter space.
A. Model details
In the DTFDM model, two SU(2)L Weyl doublets and one SU(2)L Weyl triplet are intro-
duced [26, 43]:
D1 ≡
(
D01
D−1
)
∈
(
2,−1
2
)
, D2 ≡
(
D+2
D02
)
∈
(
2,
1
2
)
, T ≡
 T
+
T 0
−T−
 ∈ (3, 0). (23)
We have the following gauge invariant Lagrangians:
LD = iD†1σ¯µDµD1 + iD†2σ¯µDµD2 − (mDijDi1Dj2 + h.c.), (24)
LT = iT †σ¯µDµT + (mT cijT iT j + h.c.), (25)
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where the constants cij render the gauge invariance of the cijT
iT j term. cij can be derived from
Clebsch-Gordan coefficients multiplied by a factor to normalize mass terms for the components of
T . The nonzero values are
c13 = c31 =
1
2
, c22 = −1
2
. (26)
Since the hypercharge of the triplet is zero, its covariant derivative is Dµ = ∂µ − igW aµτ (3)a ,
where τ
(3)
a are generators of the representation 3 for the SU(2) group that are chosen as
τ
(3)
1 =
1√
2
 0 1 01 0 1
0 1 0
 , τ (3)2 = 1√
2
 0 −i 0i 0 −i
0 i 0
 , τ (3)3 =
 1 0 00 0 0
0 0 −1
 . (27)
Any irreducible SU(2) representation is real, in the sense that it is equivalent to its conjugate. This
equivalence means that one can find an invertible matrix S satisfying Sτ
(3)
a S−1 = −(τ (3)a )∗. For
the generators we choose, S is defined as
S =
 0 0 −10 1 0
−1 0 0
 . (28)
We can use the charge conjugation matrix C = iγ0γ2 to define the conjugate of the triplet as
T˜ = S−1CT¯T, which transforms as a vector in 3, rather than in 3¯. In this work, we would like to
study a real triplet, which means that T˜ = T . This is the reason why there is a minus sign in front
of the third component of T in Eq. (23).
The gauge interactions of the doublets have been explicitly listed in Eq. (4), while the gauge
interactions of the triplet are given by
L ⊃ eAµ
[
(T+)†σ¯µT+ − (T−)†σ¯µT−
]
+ gcWZµ
[
(T+)†σ¯µT+ − (T−)†σ¯µT−
]
+gW+µ
[
(T+)†σ¯µT 0 − (T 0)†σ¯µT−
]
+ gW−µ
[
(T 0)†σ¯µT+ − (T−)†σ¯µT 0
]
.
(29)
The electroweak gauge symmetry allows two kinds of Yukawa couplings:
LY = y1cijkT iDj1Hk − y2cijkT iDj2Hk + h.c., (30)
where the constants cijk can also be built from Clebsch-Gordan coefficients. Their nonzero values
are
c122 = c311 =
√
2, c212 = c221 = −1. (31)
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FIG. 9. Mass spectra of the DTFDM model in two typical cases, mT < mD (a) and mT > mD (b).
After the Higgs field develops a VEV, mass terms in the dark sector can be expressed as
LM =− 1
2
(
T D01 D
0
2
)
MN
 TD01
D02
− ( T− D−1 )MC
(
T+
D+2
)
+ h.c.
=− 1
2
3∑
i=1
mχ0i
χ0iχ
0
i −
2∑
i=1
mχ±i
χ−i χ
+
i + h.c.
(32)
The mass and mixing matrices are defined as
MN =

mT
1√
2
y1v
1√
2
y2v
1√
2
y1v 0 −mD
1√
2
y2v −mD 0

, MC
(
mT y2v
−y1v mD
)
. (33)
NTMNN = diag(mχ01 ,mχ02 ,mχ03), C
T
RMCCL = diag(mχ±1 ,mχ±2 ). (34) T
0
D01
D02
 = N
 χ
0
1
χ02
χ03
 , ( T+
D+2
)
= CL
(
χ+1
χ+2
)
,
(
T−
D−1
)
= CR
(
χ−1
χ−2
)
. (35)
Thus, the dark sector contains three Majorana fermions χ01,2,3 and two charged Dirac fermions χ
±
1,2.
In Fig. 9 we show the mass spectra for two typical cases, mT < mD and mT > mD. The masses of
neutral fermions have the similar behavior as in the SDFDM model, since MN is the same if mT
is replaced by mS . Nonetheless, the masses of charged fermions vary with y2 due to the mixing,
unlike χ± in the SDFDM model.
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By defining Dirac spinors Ψ+1,2 and Majorana spinors Ψ1,2,3 as
Ψ+i =
(
χ+i
(χ−i )
†
)
, Ψi =
(
χ0i
(χ0i )
†
)
, (36)
we have the following interaction terms:
Lint = e
∑
i
AµΨ¯
+
i γ
µΨ+i +
∑
ij
Zµ(G
L
Z,ijΨ¯
+
i γ
µPLΨ
+
j +G
R
Z,ijΨ¯
+
i γ
µPRΨ
+
j )
+
∑
ij
GSh,ijhΨ¯
+
i Ψ
+
j −
∑
ij
GPh,ijhΨ¯
+
i iγ
5Ψ+j
+
∑
ij
W−µ (G
L
W,ijΨ¯iγ
µPLΨ
+
j −GRW,ijΨ¯iγµPRΨ+j )
+
∑
ij
W+µ (G
L∗
W,ijΨ¯
+
j γ
µPLΨi −GR∗W,ijΨ¯+j γµPRΨi)
−1
2
∑
ij
CAZ,ijZµΨ¯iγ
µγ5Ψj +
1
2
∑
ij
CVZ,ijZµΨ¯iγ
µΨj
−1
2
∑
ij
CSh,ijhΨ¯iΨj +
1
2
∑
ij
CPh,ijhΨ¯iiγ
5Ψj . (37)
The couplings are defined as
GLZ,ij =
g(c2W − s2W)
2cW
C∗L,2iCL,2j + gcWC∗L,1iCL,1j , (38)
GRZ,ij =
g(c2W − s2W)
2cW
C∗R,2jCR,2i + gcWC∗R,1jCR,1i, (39)
GSh,ij = Re(y1CL,1jCR,2i − y2CL,2jCR,1i), GPh,ij = Im(y1CL,1jCR,2i − y2CL,2jCR,1i), (40)
GLW,ij =
g√
2
N ∗3iCL,2j + gN ∗1iCL,1j , GRW,ij =
g√
2
N2iC∗R,2j − gN1iC∗R,1j , (41)
CAZ,ij =
g
2cW
Re(N ∗2iN2j −N ∗3iN3j), CVZ,ij =
ig
2cW
Im(N ∗2iN2j −N ∗3iN3j), (42)
CSh,ij =
√
2 Re(y1N1iN2j + y2N1iN3j), CPh,ij =
√
2 Im(y1N1iN2j + y2N1iN3j). (43)
Note that CAZ,ij , C
V
Z,ij , C
S
h,ij , and C
P
h,ij have the same forms as those in the SDFDM model, because
T 0 has neither electrical charge nor hypercharge, just like the singlet S. Consequently, y1 = ±y2
also leads to CAZ,11 = 0, while y1 = y2 and mD < mT lead to C
S
h,11 = 0. Thus, the sensitivity of
DM direct detection to this model should be similar to the SDFDM model.
B. Higgs Precision Measurements at the CEPC
1. Corrections to Zh associated production
In the DTFDM model, the e+e− → Zh process is modified at one-loop level by the Feynman
diagrams shown in Figs. 3 and 4 with χ± replaced by χ±1,2. Unlike the SDFDM model, however,
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FIG. 10. Feynman diagrams for vertex (a) and self-energy (b) corrections to e+e− → Zh at one-loop level
due to the hχ±i χ
±
j couplings in the DTFDM model.
the charged dark sector fermions in the DTFDM model can couple to the Higgs boson, because
both D and T involve charged components. Consequently, we also have the vertex corrections
shown in Fig. 10(a) and the self-energy corrections shown in Fig. 10(b). Because more dark sector
fermions could influence the Zh associated production, a larger modification of the e+e− → Zh
cross section is expected.
In Fig. 11, we show the absolute relative deviation of the e+e− → Zh cross section ∆σ/σ0 in the
DTFDM model. Compared with Fig. 6 in the SDFDM model, the deviation generally increases.
As illustrated in Figs. 11(a) and 11(b), the deviation in the regions with a small mT and a large
mD can be significant. In contrary, we should recall that a small mS and a large mD would lead
to an unreachable deviation shown in Figs. 6(a) and 6(b). This clearly demonstrates the effect of
the substitution of the triplet for the singlet. Fig. 11(a) indicates that the CEPC measurement of
e+e− → Zh could explore up to mχ01 ∼ 900 GeV for y1 = 0.5 and y2 = 1.5. Moreover, there are
only a few small regions with ∆σ/σ0 < 0.5% in Figs. 11(c) and 11(d).
2. Higgs boson invisible decay
In the DTFDM model, the h and Z decay widths into χ0iχ
0
j (i, j = 1, 2, 3) have the same
expressions as Eqs. (17)–(20), while the Z decay widths into Z → χ+i χ−j (i, j = 1, 2) are given by
Γ(Z → χ+i χ−j ) =
F (m2Z ,m
2
χ±i
,m2
χ±j
)
48pim5Z
{
6(GLZ,ijG
R∗
Z,ij +G
L∗
Z,ijG
R
Z,ij)m
2
Zmχ±i
mχ±j
+(|GLZ,ij |2 + |GRZ,ij |2)[m2Z(2m2Z −m2χ±i −m
2
χ±j
)− (m2
χ±i
−m2
χ±j
)2]
}
. (44)
Furthermore, the hχ±i χ
±
j couplings could induce Higgs boson decay channels into χ
+
i χ
−
j if the
kinematics is allowed. The corresponding widths are
Γ(h→ χ+i χ−j ) =
F (m2h,m
2
χ±i
,m2
χ±j
)
8pim3h
{|GSh,ij |2[m2h − (mχ±i +mχ±j )2]
+|GPh,ij |2[m2h − (mχ±i −mχ±j )
2]
}
. (45)
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FIG. 11. Heat maps for ∆σ/σ0 in the DTFDM model. Results are shown in the mT −mD (a,b) and y1− y2
(c,d) planes with two parameters fixed as indicated. Colored and gray regions correspond to ∆σ/σ0 > 0.5%
and < 0.5%, respectively. Dashes lines denote contours of the DM candidate mass mχ01 .
In Fig. 12 we present the expected CEPC constraint from the h invisible decay as well as the
LEP constraint from the Z invisible decay. Compared with Fig. 7 for the SDFDM model, the LEP
exclusion regions for the DTFDM model are enlarged because of more Z decay channels. On the
other hand, the CEPC sensitivities are quit similar in both models.
3. Higgs boson diphoton decay
Another remarkable feature of the DTFDM model is that the hχ±i χ
±
i and γχ
±
i χ
±
i couplings
modify the width of the Higgs boson diphoton decay, h → γγ, at one-loop level. Fig. 13 demon-
strates the related Feynman diagram. As CEPC can accurately measure the relative precision of
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FIG. 12. 95% CL expected constraints from the CEPC measurements of the Higgs boson invisible (blue
regions) and diphoton (green regions) decay widths in the mT −mD plane (a,b) and the y1− y2 plane (c,d)
for the DTFDM model. Red regions have been excluded at 95% CL by the LEP measurement of the Z
boson invisible decay width [58]. Dot-dashed lines indicate mχ01 contours.
the h → γγ decay width down to 9.4%1 with an integrated luminosity of 5 ab−1 [6], this decay
channel could be very sensitive to the DTFDM model.
At the leading order in the SM, the Higgs boson decay into two photons is induced by loops,
mediated by the W boson and heavy charged fermions. In the DTFDM model, we should also
take into account the χ±1 and χ
±
2 loops. Thus, the h → γγ partial decay width can be expressed
1 This is a conservative value; if one considers a combination with the high-luminosity LHC measurement, the
relative precision can be improved to 4.6% [6].
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FIG. 13. Feynman diagram for h→ γγ due to χ±i loops in the DTFDM model.
as [61, 62]
Γ(h→ γγ) = GFα
2m3h
128
√
2pi3
∣∣∣∣∣∣A1(τW ) +
∑
f
cfQ
2
fA1/2(τf ) +
∑
i
GSh,iiv
mχ±i
A1/2(τχ±i
)
∣∣∣∣∣∣
2
, (46)
where GF is the Fermi coupling constant and α is the fine-structure constant. cf and Qf are the
color factor and the electric charge of an SM fermion f , respectively The form factors A1(τ) and
A1/2(τ) are defined as
A1(τ) = −τ−2[2τ2 + 3τ + 3(2τ − 1)f(τ)], A1/2(τ) = 2τ−2[τ + (τ − 1)f(τ)], (47)
with the function f(τ) given by
f(τ) =

arcsin2
√
τ , τ ≤ 1;
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − ipi
]2
, τ > 1.
(48)
The definitions of the dimensionless parameters are
τW =
m2h
4m2W
, τf =
m2h
4m2f
, τχ±i
=
m2h
4m2
χ±i
. (49)
Based on these formulas, we can calculate the deviation of Γ(h→ γγ) from the SM prediction.
Green regions in Fig. 12 are expected to be excluded at 95% CL through the h→ γγ measurement
at the CEPC. In contrast to h and Z invisible decays, the effect on h → γγ via loops would not
be bounded by mass thresholds. As a result, the expected exclusion covers a large portion of the
parameter space where the Higgs boson invisible decay measurement is unable to probe.
C. Current experimental constraints
In the subsection, we discuss current experimental constraints on the DTFDM model from relic
abundance, direct detection experiments, and LHC and LEP searches. Based on the study on the
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FIG. 14. Experimental constraints in the mT −mD plane (a,b) and y1 − y2 plane (c,d) for the DTFDM
model. The colored regions have the same meanings as in Fig. 8(a).
SDFDM model in the previous section, these calculations are quite straightforward; the results are
presented in Fig. 14.
Red regions in Fig. 14 indicate where DM would be overproduced in the early Universe. Com-
pared to the SDFDM case in Figs. 8(a) and 8(b), the overproduction regions with mD & 1 TeV
shrink into the corners with mT & 2 TeV in Figs. 14(a) and 14(b). This is reasonable, because the
observation of relic abundance favors a DM particle mass of ∼ 2.5 TeV for a DM candidate purely
from a fermionic triplet [30]. Thus, a doublet-dominated χ01 could saturate the universe when
mD & 1 TeV, while a triplet-dominated DM could do the same thing when mT & 2 TeV. This
phenomenon has also been observed in the Higgsino-wino scenario of supersymmetric models [83].
Exception occurs when mT ∼ mD, where the masses the dark sector fermions are too close, leading
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to significant coannihilation effects that result in a much lower relic density.
Another obvious difference to the SDFDM model is that there is an overproduction regions with
mD . 100 GeV for y1 = y2 = 1 shown in Fig. 14(b). Unlike the SDFDM case, there is no mass
degeneracy between χ01 and χ
±
1 in this region, and hence the coannihilation effect is ineffective. On
the other hand, the overproduction regions in Figs. 14(c) and 14(d) are quite small.
In Fig. 14, we also show the regions excluded by direct detection experiments. The neutral
mass matrices MN in the DTFDM and SDFDM models are identical if one treats mT and mS as
the same thing. Therefore, the neutral fermions have the same mixing pattern in the two models,
which leads to identical behaviors of the hχ01χ
0
1 and Zχ
0
1χ
0
1 couplings. For this reason, the SI and
SD exclusion regions in Fig. 14 have no essential difference from those in Fig. 8.
The exclusion limits from the ATLAS monojet + /ET search are denoted by green regions in
Fig. 14. Electroweak production processes of two dark sector fermions in the DTFDM model are
similar to 22, but now there are two charged fermions, χ±1 and χ
±
2 . The monojet search could
exclude the parameter space up to mχ01 ∼ 80 GeV in Fig. 14(a). In the case of y1 = y2 = 1.0
with mT > mD, however, the Zχ
0
1χ
0
1 and hχ
0
1χ
0
1 couplings vanish and there is no pp→ χ01χ01 + jets
production. As a result, the profile of the corresponding exclusion region in Fig. 14(b) basically
follows the contours of mχ±1
and mχ02 . On the other hand, the exclusion regions in Figs. 14(c) and
14(d) are larger than their analogues in the SDFDM model.
Pink regions in Fig. 14 show the constraint from the LEP searches for charged particles. In
contrast to the SDFDM model, the masses of charged fermions in the DTFDM model do not solely
depend on mD, but are related to all the four parameters. The exclusion regions exhibit this
dependence.
IV. CONCLUSIONS AND DISCUSSIONS
In this work, we investigate how fermionic DM affects Higgs precision measurements at the
future collider project CEPC, which include the measurements of the e+e− → Zh cross section
as well as Higgs boson invisible and diphoton decays. In order to have influence on e+e− → Zh
through at one-loop level, the DM particle should couple to both the Higgs and Z bosons. For this
purpose, we consider two UV-complete models, SDFDM and DTFDM, where the SM is extended
with a dark sector consisting of SU(2)L fermionic multiplets. The lightest electrically neutral
mass eigenstate of the additional multiplets serves as a DM candidate. Such multiplets naturally
couple to electroweak gauge bosons, and their interactions with the Higgs boson come from Yukawa
couplings, fulfilling our requirement.
We calculate one-loop corrections to the e+e− → Zh cross section induced by the dark sector
in the two models. The DTFDM model would make a bigger difference than the SDFDM model,
because of stronger electroweak gauge interactions of its dark sector multiplets. The parameter
regions that could be explored via the CEPC measurement are demonstrated. As this is a loop
effect, the reachable mass scales of the dark sector would not be simply bounded by the collision
energy. For instance, CEPC with
√
s = 240 GeV may still be sensitive to the DTFDM model when
the DM candidate mass is ∼ 900 GeV.
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When the DM candidate is light, the Higgs boson may decay into them, resulting in an invisible
decay signal. We also explore the CEPC sensitivity from such an invisible decay. But this kind of
search is certainly limited by the decay kinematics. Furthermore, the DTFDM model could affect
the Higgs boson diphoton decay through quantum loops. We find that the CEPC measurement of
the diphoton decay would be sensitive to much larger parameter space, compared with the invisible
decay measurement.
On the other hand, these DM models are facing stringent bounds from current searches. We
investigate the constraints from the DM relic abundance and DM direct detection experiments, as
well as the bounds from LHC monojet searches and LEP searches for charged particles and Z boson
invisible decay. We find that current experimental constraints on the two models have excluded
large portions of the parameter space. Future LHC and direct detection searches would further
enlarge the corresponding exclusion regions. Nonetheless, the full run of the high-luminosity LHC
can hardly reach up to the TeV mass scales due to the low electroweak production rates. Moreover,
the models could easily escape direct detection when the parameters satisfy certain conditions, such
as y1 ' y2 and mS > mD (mT > mD) for the SDFDM (DTFDM) model. The reason is that the
DM couplings to the Higgs and Z bosons are very weak under such circumstances. In this case,
the Higgs measurements at the CEPC would be complementary to other searches.
DM annihilation in space can induce cosmic-ray and gamma-ray signals, which could be probed
in DM indirect detection experiments. Current searches have put some important constraints
on the DM annihilation cross section. Interpretations of the related data depend on multiple
astrophysical uncertainties, such as uncertainties from cosmic-ray propagation processes, from J-
factors for gamma-ray fluxes, and from substructures of DM halos. In this paper, we have not used
these results to constrain the models, because such constraints are not as robust as those from
particle physics experiments.
It is not hard to extend this study to other models with fermionic multiplets in different SU(2)L
representations or with scalar multiplets. Higher dimensions of representations should lead to
stronger electroweak interactions and hence larger corrections to e+e− → Zh and h → γγ. This
kind of models, involving a dark sector with electroweak multiplets, would also have influence on
e+e− → f¯f production [23], the electroweak oblique parameters [26, 27], as well as many other
e+e− production processes, such as e+e− → W+W−, e+e− → ZZ, and e+e− → hγ production.
Furthermore, combining several such channels may be able to get a better sensitivity to the models.
ACKNOWLEDGMENTS
This work is supported by the National Natural Science Foundation of China under Grant
Nos. 11475189 and 11475191, by the 973 Program of China under Grant No. 2013CB837000, and
by the National Key Program for Research and Development (No. 2016YFA0400200). ZHY is
27
supported by the Australian Research Council.
[1] ATLAS Collaboration, G. Aad et al., Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B716 (2012) 1–29,
[arXiv:1207.7214].
[2] CMS Collaboration, S. Chatrchyan et al., Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC, Phys. Lett. B716 (2012) 30–61, [arXiv:1207.7235].
[3] G. Jungman, M. Kamionkowski, and K. Griest, Supersymmetric dark matter, Phys. Rept. 267 (1996)
195–373, [hep-ph/9506380].
[4] G. Bertone, D. Hooper, and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys.
Rept. 405 (2005) 279–390, [hep-ph/0404175].
[5] J. L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection, Ann. Rev.
Astron. Astrophys. 48 (2010) 495–545, [arXiv:1003.0904].
[6] CEPC-SPPC Study Group Collaboration, CEPC-SPPC Preliminary Conceptual Design Report.
1. Physics and Detector, IHEP-CEPC-DR-2015-01, IHEP-TH-2015-01, HEP-EP-2015-01.
[7] TLEP Design Study Working Group Collaboration, M. Bicer et al., First Look at the Physics
Case of TLEP, JHEP 01 (2014) 164, [arXiv:1308.6176].
[8] H. Baer, T. Barklow, K. Fujii, Y. Gao, A. Hoang, S. Kanemura, J. List, H. E. Logan, A. Nomerotski,
M. Perelstein, et al., The International Linear Collider Technical Design Report - Volume 2: Physics,
arXiv:1306.6352.
[9] M. McCullough, An Indirect Model-Dependent Probe of the Higgs Self-Coupling, Phys. Rev. D90
(2014), no. 1 015001, [arXiv:1312.3322]. [Erratum: Phys. Rev.D92,no.3,039903(2015)].
[10] C. Shen and S.-h. Zhu, Anomalous Higgs-top coupling pollution of the triple Higgs coupling extraction
at a future high-luminosity electron-positron collider, Phys. Rev. D92 (2015), no. 9 094001,
[arXiv:1504.05626].
[11] F. P. Huang, P.-H. Gu, P.-F. Yin, Z.-H. Yu, and X. Zhang, Testing the electroweak phase transition
and electroweak baryogenesis at the LHC and a circular electron-positron collider, Phys. Rev. D93
(2016), no. 10 103515, [arXiv:1511.03969].
[12] A. Kobakhidze, N. Liu, L. Wu, and J. Yue, Implications of CP-violating Top-Higgs Couplings at LHC
and Higgs Factories, Phys. Rev. D95 (2017), no. 1 015016, [arXiv:1610.06676].
[13] Q.-H. Cao, H.-R. Wang, and Y. Zhang, Probing HZγ and Hγγ anomalous couplings in the process
e+e− → Hγ, Chin. Phys. C39 (2015), no. 11 113102, [arXiv:1505.00654].
[14] S. L. Hu, N. Liu, J. Ren, and L. Wu, Revisiting Associated Production of 125 GeV Higgs Boson with
a Photon at a Higgs Factory, J. Phys. G41 (2014), no. 12 125004, [arXiv:1402.3050].
[15] S. Gori, J. Gu, and L.-T. Wang, The Zbb couplings at future e+ e− colliders, JHEP 04 (2016) 062,
[arXiv:1508.07010].
[16] M. A. Fedderke, T. Lin, and L.-T. Wang, Probing the fermionic Higgs portal at lepton colliders, JHEP
04 (2016) 160, [arXiv:1506.05465].
[17] S.-F. Ge, H.-J. He, and R.-Q. Xiao, Probing new physics scales from Higgs and electroweak
observables at e+ e− Higgs factory, JHEP 10 (2016) 007, [arXiv:1603.03385].
[18] J. Fan, M. Reece, and L.-T. Wang, Precision Natural SUSY at CEPC, FCC-ee, and ILC, JHEP 08
(2015) 152, [arXiv:1412.3107].
[19] J. Cao, X. Guo, Y. He, P. Wu, and Y. Zhang, Diphoton signal of the light Higgs boson in natural
NMSSM, Phys. Rev. D95 (2017), no. 11 116001, [arXiv:1612.08522].
28
[20] L. Wu, Probing SUSY Naturalness at the CEPC, arXiv:1705.02534.
[21] Z.-H. Yu, Q.-S. Yan, and P.-F. Yin, Detecting interactions between dark matter and photons at high
energy e+e− colliders, Phys. Rev. D88 (2013), no. 7 075015, [arXiv:1307.5740].
[22] Z.-H. Yu, X.-J. Bi, Q.-S. Yan, and P.-F. Yin, Dark matter searches in the mono-Z channel at high
energy e+e− colliders, Phys. Rev. D90 (2014), no. 5 055010, [arXiv:1404.6990].
[23] K. Harigaya, K. Ichikawa, A. Kundu, S. Matsumoto, and S. Shirai, Indirect Probe of
Electroweak-Interacting Particles at Future Lepton Colliders, JHEP 09 (2015) 105,
[arXiv:1504.03402].
[24] Q.-H. Cao, Y. Li, B. Yan, Y. Zhang, and Z. Zhang, Probing dark particles indirectly at the CEPC,
Nucl. Phys. B909 (2016) 197–217, [arXiv:1604.07536].
[25] Q.-F. Xiang, X.-J. Bi, Q.-S. Yan, P.-F. Yin, and Z.-H. Yu, Measuring Masses in Semi-Invisible Final
States at Electron-Positron Colliders, Phys. Rev. D95 (2017), no. 7 075037, [arXiv:1610.03372].
[26] C. Cai, Z.-H. Yu, and H.-H. Zhang, CEPC Precision of Electroweak Oblique Parameters and Weakly
Interacting Dark Matter: the Fermionic Case, Nucl. Phys. B921 (2017) 181–210,
[arXiv:1611.02186].
[27] C. Cai, Z.-H. Yu, and H.-H. Zhang, CEPC Precision of Electroweak Oblique Parameters and Weakly
Interacting Dark Matter: the Scalar Case, arXiv:1705.07921.
[28] C. Englert and M. McCullough, Modified Higgs Sectors and NLO Associated Production, JHEP 07
(2013) 168, [arXiv:1303.1526].
[29] J. Cao, Z. Heng, D. Li, L. Shang, and P. Wu, Higgs-strahlung production process e+e− → Zh at the
future Higgs factory in the Minimal Dilaton Model, JHEP 08 (2014) 138, [arXiv:1405.4489].
[30] M. Cirelli, N. Fornengo, and A. Strumia, Minimal dark matter, Nucl. Phys. B753 (2006) 178–194,
[hep-ph/0512090].
[31] M. Cirelli, A. Strumia, and M. Tamburini, Cosmology and Astrophysics of Minimal Dark Matter,
Nucl. Phys. B787 (2007) 152–175, [arXiv:0706.4071].
[32] M. Cirelli and A. Strumia, Minimal Dark Matter: Model and results, New J. Phys. 11 (2009) 105005,
[arXiv:0903.3381].
[33] T. Hambye, F. S. Ling, L. Lopez Honorez, and J. Rocher, Scalar Multiplet Dark Matter, JHEP 07
(2009) 090, [arXiv:0903.4010]. [Erratum: JHEP05,066(2010)].
[34] Y. Cai, W. Chao, and S. Yang, Scalar Septuplet Dark Matter and Enhanced h→ γγ Decay Rate,
JHEP 12 (2012) 043, [arXiv:1208.3949].
[35] B. Ostdiek, Constraining the minimal dark matter fiveplet with LHC searches, Phys. Rev. D92 (2015)
055008, [arXiv:1506.03445].
[36] C. Cai, Z.-M. Huang, Z. Kang, Z.-H. Yu, and H.-H. Zhang, Perturbativity Limits for Scalar Minimal
Dark Matter with Yukawa Interactions: Septuplet, Phys. Rev. D92 (2015), no. 11 115004,
[arXiv:1510.01559].
[37] R. Mahbubani and L. Senatore, The Minimal model for dark matter and unification, Phys. Rev. D73
(2006) 043510, [hep-ph/0510064].
[38] F. D’Eramo, Dark matter and Higgs boson physics, Phys. Rev. D76 (2007) 083522,
[arXiv:0705.4493].
[39] R. Enberg, P. J. Fox, L. J. Hall, A. Y. Papaioannou, and M. Papucci, LHC and dark matter signals of
improved naturalness, JHEP 11 (2007) 014, [arXiv:0706.0918].
[40] T. Cohen, J. Kearney, A. Pierce, and D. Tucker-Smith, Singlet-Doublet Dark Matter, Phys. Rev. D85
(2012) 075003, [arXiv:1109.2604].
[41] O. Fischer and J. J. van der Bij, The scalar Singlet-Triplet Dark Matter Model, JCAP 1401 (2014)
032, [arXiv:1311.1077].
29
[42] C. Cheung and D. Sanford, Simplified Models of Mixed Dark Matter, JCAP 1402 (2014) 011,
[arXiv:1311.5896].
[43] A. Dedes and D. Karamitros, Doublet-Triplet Fermionic Dark Matter, Phys. Rev. D89 (2014), no. 11
115002, [arXiv:1403.7744].
[44] L. Calibbi, A. Mariotti, and P. Tziveloglou, Singlet-Doublet Model: Dark matter searches and LHC
constraints, JHEP 10 (2015) 116, [arXiv:1505.03867].
[45] A. Freitas, S. Westhoff, and J. Zupan, Integrating in the Higgs Portal to Fermion Dark Matter, JHEP
09 (2015) 015, [arXiv:1506.04149].
[46] C. E. Yaguna, Singlet-Doublet Dirac Dark Matter, Phys. Rev. D92 (2015), no. 11 115002,
[arXiv:1510.06151].
[47] T. M. P. Tait and Z.-H. Yu, Triplet-Quadruplet Dark Matter, JHEP 03 (2016) 204,
[arXiv:1601.01354].
[48] S. Horiuchi, O. Macias, D. Restrepo, A. Rivera, O. Zapata, and H. Silverwood, The Fermi-LAT
gamma-ray excess at the Galactic Center in the singlet-doublet fermion dark matter model, JCAP
1603 (2016), no. 03 048, [arXiv:1602.04788].
[49] S. Banerjee, S. Matsumoto, K. Mukaida, and Y.-L. S. Tsai, WIMP Dark Matter in a Well-Tempered
Regime: A case study on Singlet-Doublets Fermionic WIMP, JHEP 11 (2016) 070,
[arXiv:1603.07387].
[50] T. Abe, Effect of CP violation in the singlet-doublet dark matter model, Phys. Lett. B771 (2017)
125–130, [arXiv:1702.07236].
[51] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini, M. Pierre, S. Profumo, and F. S. Queiroz,
The Waning of the WIMP? A Review of Models, Searches, and Constraints, arXiv:1703.07364.
[52] N. Maru, T. Miyaji, N. Okada, and S. Okada, Fermion Dark Matter in Gauge-Higgs Unification,
arXiv:1704.04621.
[53] X. Liu and L. Bian, Dark matter and electroweak phase transition in the mixed scalar dark matter
model, arXiv:1706.06042.
[54] D. Egana-Ugrinovic, The minimal fermionic model of electroweak baryogenesis, arXiv:1707.02306.
[55] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters,
Astron. Astrophys. 594 (2016) A13, [arXiv:1502.01589].
[56] PandaX-II Collaboration, A. Tan et al., Dark Matter Results from First 98.7 Days of Data from the
PandaX-II Experiment, Phys. Rev. Lett. 117 (2016), no. 12 121303, [arXiv:1607.07400].
[57] PandaX-II Collaboration, C. Fu et al., Spin-Dependent
Weakly-Interacting-Massive-Particle–Nucleon Cross Section Limits from First Data of PandaX-II
Experiment, Phys. Rev. Lett. 118 (2017), no. 7 071301, [arXiv:1611.06553].
[58] SLD Electroweak Group, DELPHI, ALEPH, SLD, SLD Heavy Flavour Group, OPAL,
LEP Electroweak Working Group, L3 Collaboration, S. Schael et al., Precision electroweak
measurements on the Z resonance, Phys. Rept. 427 (2006) 257–454, [hep-ex/0509008].
[59] ATLAS Collaboration, G. Aad et al., Search for new phenomena in final states with an energetic jet
and large missing transverse momentum in pp collisions at
√
s =8 TeV with the ATLAS detector, Eur.
Phys. J. C75 (2015), no. 7 299, [arXiv:1502.01518]. [Erratum: Eur. Phys. J.C75,no.9,408(2015)].
[60] C. Cheung, L. J. Hall, D. Pinner, and J. T. Ruderman, Prospects and Blind Spots for Neutralino Dark
Matter, JHEP 05 (2013) 100, [arXiv:1211.4873].
[61] J. R. Ellis, M. K. Gaillard, and D. V. Nanopoulos, A Phenomenological Profile of the Higgs Boson,
Nucl. Phys. B106 (1976) 292.
[62] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin, and V. I. Zakharov, Low-Energy Theorems for Higgs
Boson Couplings to Photons, Sov. J. Nucl. Phys. 30 (1979) 711–716. [Yad. Fiz.30,1368(1979)].
30
[63] C. Cheung and Y. Nomura, Higgs Descendants, Phys. Rev. D86 (2012) 015004, [arXiv:1112.3043].
[64] J. Fleischer and F. Jegerlehner, Radiative Corrections to Higgs Production by e+e− → ZH in the
Weinberg-Salam Model, Nucl. Phys. B216 (1983) 469–492.
[65] B. A. Kniehl, Radiative corrections for associated ZH production at future e+e− colliders, Z. Phys.
C55 (1992) 605–618.
[66] A. Denner, J. Kublbeck, R. Mertig, and M. Bohm, Electroweak radiative corrections to e+e− → HZ,
Z. Phys. C56 (1992) 261–272.
[67] A. Denner, Radiative corrections to e+e− → HZ, Nuclear Physics B - Proceedings Supplements 29
(1992), no. 1 263 – 269.
[68] Y. Gong, Z. Li, X. Xu, L. L. Yang, and X. Zhao, Mixed QCD-EW corrections for Higgs boson
production at e+e− colliders, Phys. Rev. D95 (2017), no. 9 093003, [arXiv:1609.03955].
[69] Q.-F. Sun, F. Feng, Y. Jia, and W.-L. Sang, Mixed electroweak-QCD corrections to e+e− → HZ at
Higgs factories, arXiv:1609.03995.
[70] T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3, Comput. Phys. Commun.
140 (2001) 418–431, [hep-ph/0012260].
[71] T. Hahn and M. Perez-Victoria, Automatized one loop calculations in four-dimensions and
D-dimensions, Comput. Phys. Commun. 118 (1999) 153–165, [hep-ph/9807565].
[72] G. J. van Oldenborgh, FF: A Package to evaluate one loop Feynman diagrams, Comput. Phys.
Commun. 66 (1991) 1–15.
[73] LHC Higgs Cross Section Working Group Collaboration, J. R. Andersen et al., Handbook of
LHC Higgs Cross Sections: 3. Higgs Properties, arXiv:1307.1347.
[74] M. Backovic, K. Kong, and M. McCaskey, MadDM v.1.0: Computation of Dark Matter Relic
Abundance Using MadGraph5, Physics of the Dark Universe 5-6 (2014) 18–28, [arXiv:1308.4955].
[75] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,
P. Torrielli, and M. Zaro, The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
[arXiv:1405.0301].
[76] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B. Fuks, FeynRules 2.0 - A complete toolbox
for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250–2300, [arXiv:1310.1921].
[77] DELPHI Collaboration, J. Abdallah et al., Searches for supersymmetric particles in e+ e- collisions
up to 208-GeV and interpretation of the results within the MSSM, Eur. Phys. J. C31 (2003) 421–479,
[hep-ex/0311019].
[78] M. Backovic´, A. Martini, O. Mattelaer, K. Kong, and G. Mohlabeng, Direct Detection of Dark Matter
with MadDM v.2.0, Phys. Dark Univ. 9-10 (2015) 37–50, [arXiv:1505.04190].
[79] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605 (2006)
026, [hep-ph/0603175].
[80] DELPHES 3 Collaboration, J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemaˆıtre,
A. Mertens, and M. Selvaggi, DELPHES 3, A modular framework for fast simulation of a generic
collider experiment, JHEP 02 (2014) 057, [arXiv:1307.6346].
[81] ATLAS Collaboration, Search for electroweak production of supersymmetric particles in the two and
three lepton final state at
√
s = 13 TeV with the ATLAS detector, ATLAS-CONF-2017-039.
[82] CMS Collaboration, Search for new physics in events with two low momentum opposite-sign leptons
and missing transverse energy at
√
s = 13 TeV, CMS-PAS-SUS-16-048.
[83] N. Arkani-Hamed, A. Delgado, and G. F. Giudice, The Well-tempered neutralino, Nucl. Phys. B741
(2006) 108–130, [hep-ph/0601041].
